Open reduction combined with ulnar osteotomy is the most common approach to treating missed Monteggia injuries. The osteotomy is usually performed at the proximal ulna to ensure better healing and fewer complications. The purpose of this study is to present a center of rotation angulation (CORA)-based osteotomy of the ulna for treating Bado type I Monteggia injuries.
Introduction
A Monteggia injury is a fracture of the ulna coupled with radial head dislocation. Bado classified Monteggia injuries into 4 types according to the direction of the radial head dislocation. Type I, described as a fracture of the ulna with anterior dislocation of the radial head, is the most common pattern of injury (60%). [1] It is generally agreed that these injuries should be managed in the acute setting; however, in children, the dislocated radial head might be overlooked if the ulnar fracture is complete with obvious displacement.
More than 90% of missed Monteggia injuries are sequelae of Bado type I injuries. [2] Successfully treating these injuries with minimal complications or functional deficits is a challenge. Many procedures for this difficult problem have been described; however, the outcomes are unpredictable. In a recent review study, 5 different surgical procedures were mentioned, including open reduction of the radial head, reconstruction of the annular ligament, ulnar osteotomy, radial osteotomy and radial head replacement, and open reduction combined with ulnar osteotomy with or without reconstruction of the annular ligament, the latter being the most common [3] . Ulnar osteotomy was described by Hirayama et al [4] as the key procedure for obtaining and maintaining reduction of the radial head after open reduction. An ulnar osteotomy site located at the proximal metaphysis is expected to provide better bone healing and less loss of forearm rotation. [4] [5] [6] [7] [8] [9] Only a few authors recommended performing the osteotomy at the deformity site of the ulna. [10] [11] [12] However, in some patients, the plastic deformation of the ulna may prevent the reduction, so correcting the ulna deformity may play an important role in radial head reduction. Here, we reviewed our outcomes of open reduction with CORA-based ulnar osteotomy for treating Bado type I Monteggia injuries. consent from the parents or guardians, we retrospectively reviewed our patients with missed Bado type I Monteggia injury treated between February 2014 and December 2016.
All patients were clinically and radiographically followed. Patients were included if a bowing ulna was visible on a plain lateral radiograph. Patients with isolated anterior radial head dislocation but without an ulnar plastic deformation were excluded. For all patients, open reduction combined with ulnar osteotomy at the apex of the deformity was performed by a senior author.
Data collected included patient demographics, original injury to surgery interval, and forearm range of motion. The postoperative posterior angulation of the ulna was measured on a lateral-view radiograph. The Broberg and Morrey rate index, which considers motion, strength, stability, and pain, was used to evaluate the postoperative subjective, objective, and elbow function, and the results are interpreted as excellent (≥95), good (80-94), fair (60-79), or poor (<59). [13] As each patient provided his or her own internal control (i.e., unaffected side), potential confounders, such as age, sex, and health condition could be well controlled. To minimize bias, forearm range of motion was measured by one author using a goniometer, while we compared postoperative range of rotation of the operated forearm to that of the normal side to evaluate the postoperative rotation limitations. The statistical analysis was performed using Statistical Package for the Social Sciences version 17.0 (SPSS Inc., Chicago, IL). The significance of the findings was evaluated with a paired 2-tailed t test to compare all paired variables. Differences were considered significant at a P value < .05.
Surgical technique
The CORA was identified initially on the lateral-view radiograph and determined by the intersection of the proximal and distal axes of the ulna. The angulation correct axis is along the bisector and indicates that the deformity can be completely correct without translation.
Under general anesthesia, patients were placed in a supine position and 2 skin incisions were used. We used Boyd posterolateral elbow approach to expose the radiocapitellar joint, identified and removed the remnants of the annular ligament and fibrosis that might impede the radial head reduction. Reduction is sometimes possible in this situation; however, our cases were unstable. The ulnar shaft was approached directly after the CORA was defined under fluoroscopy. We performed a transverse dorsal open wedge osteotomy at the apex of the deformity of the ulna. We applied direct pressure to the proximal radius to reduce the radial head. A 5-or 6-hole reconstruction plate was bent to stabilize the osteotomy, and the amount of angulation was based on the reduction stability identified both directly and under fluoroscopy by rotating the forearm from pronation to supination and moving the elbow from full flexion to extension. The plate was initially screwed into only the most proximal and most distal holes. If the radial head was stable, the other 2 screws were affixed. Otherwise, the posterior angulation was adjusted to obtain a stable reduction. No further lengthening was performed at the osteotomy site. We felt an autologous bone graft was unnecessary, as the wedge gap was small. No extra procedures for repairing or reconstructing the annular ligament were performed before the incisions were closed. The arm was immobilized in an above-elbow cast for 6 weeks (Fig. 1 ).
Results
Five patients (3 male, 2 female), median age at surgery was 5.7 years (range, 3.4-6.8 years), with a median interval between the original injury and the corrective surgery of 3 months (range, 1-4 months) and median posterior angulation of the ulna of 15.8°on the postoperative radiograph were treated. In a median follow-up of 10 months (range, 6-17 months), all patients obtained stable reduction of the radial head with uneventful healing of ulnar osteotomies. All patients had pain-free elbows with no neurological or vascular complications and no broken implants. The median total flexion-extension arc of motion was 143°, almost the same as that of the uninvolved side (P = .374). The average arc of rotation of the forearm measured 157°, with median pronation of 62°and median supination of 95° (Table 1) , and a slight but significant difference of pronation (P = .04) was observed. At the last follow-up, all patients showed an excellent outcome based on the Broberg and Morrey rate index. The ulnar osteotomy site was completely remodeled without an obvious posterior bowing at the last follow-up (Fig. 2) .
Discussion
Monteggia injury is an uncommon injury that comprises approximately 1% of all pediatric forearm injuries. Closed reduction of the radial head can be successfully performed in most acute cases; however, the dislocated radial head may not be identified at the time of the injury. When the diagnosis is delayed, some pathologic changes will prevent reduction of the radial head. [14] Therefore, the treatment of missed Monteggia injury is difficult and remains controversial, as many reposition procedures of the dislocated radial head show unsatisfactory results. In this study, we present our procedure for treating missed Bado type I Monteggia injury, which feature an anterior bowing deformation of the ulna, in 5 patients with a median follow-up of 10 months, all of whom healed with stable reduction of the radial head and minimal functional limitations.
Although many authors agree that ulnar osteotomy is the key to achieving and maintaining reduction [4, 9, 15] in treating this injury, the osteotomy site is most commonly performed at the proximal metaphysis of the ulna. Ladermann et al [7] described an ulnar osteotomy performed at the proximal metaphysis or the CORA; however, they advocated performing the osteotomy at the proximal metaphysis for 2 reasons: the CORA might be difficult to identify after remolding of the ulnar fracture; and better healing of the osteotomy occurs at the proximal metaphysis.
We performed the osteotomy at the CORA of the ulna, as we hypothesized that an anterior bowing ulna is one of the obstacles of radial head reduction. The radius and ulna are parallel when the forearm is in supination; however, in pronation, the radius crosses over the ulna and the apex of the anterior deformity is close to the radius and acts as a fulcrum forcing the radial head anteriorly. The CORA-based osteotomy could not only eliminate the fulcrum in supination but also restore the normal width of the interosseous membrane by creating a slight posterior angulation. This corresponds with the concepts of the osteotomy [16] : if it is not performed at the CORA level, it should be combined with translation. The median posterior angulation in our series was 15.8°, similar to those of studies reporting osteotomy at the proximal ulna. [4, 7, 9, [17] [18] [19] [20] (Table 2 ). As the osteotomy was done at the CORA, no further translation was required. However, there was a mild limitation in pronation compared with the opposite side (P = .04), and no patients had functional deficits. The patients' Broberg and Morrey rate index of excellent outcome also indicated that the CORA-based osteotomy for Bado type I Monteggia fracture with deformity of the ulna was successful.
Other procedures including annular ligament repair or reconstruction and temporary K-wire fixation of the radiohumeral joint were reported to achieve a stable reduction. However, stiffness of the elbow, intraarticular K-wire breakage, radioulnar synostosis, myositis ossificans ectopic ossification, or radial head osteonecrosis of annular ligament reconstruction have been described in these procedures. [14, 21] Moreover, osteoarthritis, recurrence of dislocation or subluxation, and poor function after pin removal have been reported. [22] We did not perform these procedures in our series, as we believed that the posterior angulating ulna with the taut interosseous membrane was sufficient to maintain reduction stability. The interosseous membrane is normally taut in supination and lax in pronation, behaves as an articular unit (middle radioulnar joint), and fulfills the crucial biomechanical functions to restore the normal relationship between the radius and the ulna. [23] [24] [25] Posteriorly angulating the osteotomy allows the taut interosseous membrane to pull the radial head back.
Some authors have recommended closed reduction of the radial head after ulnar osteotomy. [17, 19] They used the external fixator to reduce the radial head by acute or gradual ulnar lengthening. We did not attempt closed reduction in our patients, as when the diagnosis is delayed, "buttonholing" of the radial head through the capsular or other fibrous tissue, such as the remnant annular ligament, would impede the radial head reduction and make any effort futile. [26, 27] As the tension of the interosseous membrane will decrease even with slight displacement of the ulna and the radiocapitellar joint is very sensitive to ulnar alignment. Subtle changes of the angulation of the ulna can lead to subluxation of the radial head. A rigid fixation is important to achieve a successful outcome; thus, we agree with those authors who used a plate to fix the ulnar osteotomy. [10, 15] Some authors have recommended a dual socket joint external fixator to fix the ulnar osteotomy, [8, 28] as it can easily correct and adjust the osteotomy in 3 dimensions; however, the external fixator may not be tolerated in young children and socket joint loosening may result in loss of the correction angle. The external fixator is more suitable for ulnar elongation if overgrowth of the radius is present as in cases of long-standing dislocation.
Although open reduction and ulnar osteotomy are not novel procedures for treating missed Monteggia injury, few authors have reported CORA-based osteotomy of the ulna in detail, the radial head can be stably reduced. There are some drawbacks to the present study. First, the injury-surgery interval was short. It is known that a longer period of dislocation of the radial head makes reduction more difficult because of the more severe dysplastic changes around the capitellar-radioulnar joint, [14] and overgrowth of the radial head in particular. In such cases, additional ulnar lengthening is recommended. Second, our patients were <7 years of age, which means that potential bone remodeling and a lower risk of soft-tissue contracture were expected. Third, 2 surgical incisions may result in some cosmetic Table 2 Studies reporting proximal ulnar osteotomy with posterior angulation.
No
Reference Osteotomy site
Mean degree of angulation 1 Hirayama et al [4] 5 cm below the olecranon 15°2 Ray and Gaston [9] Proximal metaphysis of the ulna 30°3 Nakamura et al [17] Proximal metaphysis of the ulna 22°4 Datta et al [18] 5 cm below the olecranon 15°5 Exner [19] Proximal metaphysis of the ulna 20°6 Bor et al [20] Proximal metaphysis of the ulna 26°F igure 2. The patient showed full range of motion at the last follow-up and no scars were obvious. Postoperative range of rotation of operated forearm was compared with normal side to evaluate the rotation limited after operation. A paired, 2-tailed, t test for comparison of all paired variables. P (FE) = .374; P (pronation) = .04; P (supination) = .078.
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Medicine problems. Finally, the small sample size and short follow-up time may have created bias.
Conclusion
Our series of 5 patients showed that open reduction with CORAbased osteotomy of the ulna for the treatment of missed Bado type I Monteggia injury with an obvious ulnar bowing deformity results in stable reduction of the radial head and excellent function, especially for patients with a short injury-treatment interval. As our sample size was small and follow-up was short, further studies including long-term observations are required to validate our findings.
